Abstract Angiogenesis and osteogenesis are tightly coupled during bone development and regeneration. The vasculature supplies oxygen to developing and regenerating bone and also delivers critical signals to the stroma that stimulate mesenchymal cell specification to promote bone formation. Recent studies suggest that the hypoxiainducible factors (HIFs) are required for the initiation of the angiogenic-osteogenic cascade. Genetic manipulation of individual components of the HIF/vascular endothelial growth factor (VEGF) pathway in mice has provided clues to how coupling is achieved. In this article, we review the current understanding of the cellular and molecular mechanisms responsible for angiogenic-osteogenic coupling. We also briefly discuss the therapeutic manipulation of HIF and VEGF in skeletal repair. Such discoveries suggest promising approaches for the development of novel therapies to improve bone accretion and repair.
chondrocytes [7, 8] . Analogous anatomical relationships between the vasculature and bone compartments also exist in adult bone. For example, Hauge et al. [9] and Eriksen et al. [10] have suggested the existence of discrete vascular structures termed bone remodeling compartments that coordinate bone resorption and formation. In this setting, bone lining cells that express mediators of osteoclastogenesis such as receptor activator of nuclear factor kappa B ligand (RANKL) and osteoprotegerin seal off the compartment from the adjacent marrow, while an associated blood vessel serves as a conduit for circulating progenitor cells. Such anatomical compartmentalization would provide a mechanism to functionally link the vasculature to bone formation and resorption.
The purpose of this article is to highlight recent work on the cellular and molecular events responsible for the coupling of angiogenesis to osteogenesis during skeletal development and repair with a focus on results from genetically modified mice. These studies implicate the transcription factor hypoxia-inducible factor (HIF)-1α and its target gene vascular endothelial growth factor (VEGF) as critical regulators of angiogenic-osteogenic coupling.
Hypoxia-inducible factors and vascular endothelial growth factor
HIFs, which belong to the Per/Anrt/Sim subfamily of basic helix-loop-helix transcription factors [11, 12] , are major regulators of the gene programs that orchestrate angiogenicosteogenic coupling. The HIF family comprises three functionally nonredundant α subunits, HIF-1α, HIF-2α, and HIF-3α, which form a heterodimer with the HIF-1β subunit. The messenger RNAs (mRNAs) encoding HIF-1α and HIF-1β are widely expressed and have been detected in most human and rodent tissues [13] . However, while HIF-1β protein is constitutively expressed, HIF-1α protein expression is regulated by an oxygen-sensitive proteolytic mechanism. Under normoxic conditions, HIF-1α is rapidly degraded, but, when oxygen levels drop below 5%, expression is stabilized and its activity progressively increases with additional decreases in the oxygen tension [14] .
HIFs do not directly perceive changes in oxygen tension. Rather, the expression and activity of the α-subunit is regulated by a class of 2-oxoglutarate-dependent and Fe 2+ -dependent dioxygenases [14] . Each α-subunit has an oxygen-dependent degradation domain that contains prolyl residues recognized by prolyl hydroxylase domain (PHD) proteins. It is important to note that these PHDs are distinct from the family of collagen prolyl hydroxylases. At oxygen levels above 5%, PHD proteins hydroxylate HIF-1α at P402 and/or P564. This modification allows the binding of the von Hippel-Lindau (VHL) tumor suppressor protein, a component of the E3 ubiquitin ligase complex that modifies HIF-1α with polyubiquitin chains and thereby targets it for proteasomal degradation. Under hypoxic conditions, prolyl hydroxylation is inhibited and HIF-1α protein accumulates [15, 16] . A second level of oxygen-dependent regulation is supplied by an asparaginyl hydroxylase referred to as factor-inhibiting Hif (FIH) [17] . FIH hydroxylates an asparagine residue (N803) in the carboxy-terminal transcriptional activation domain. This modification prevents the interaction of HIF-1 with transcriptional coactivators such as p300 and CBP.
HIFs arose early in evolution and control the activity of a broad array of genes. Indeed, binding sites, referred to as hypoxia-response elements, have been identified in the promoter regions of more than 100 putative target genes involved in a variety of cell processes [18] . Among these factors, VEGF is the best characterized proangiogenic factor that is activated by hypoxia and plays a critical role in angiogenesis during the development of most tissues including bone. VEGF family members, including VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placenta growth factor, are secreted, dimeric glycoproteins that activate one of three receptor tyrosine kinases [19] . Additional complexity in this family is manifested by the fact that alternative splicing of VEGF transcripts gives rise to multiple isoforms with different biological activity. Five VEGF-A isoforms have been identified in humans, while there are three major isoforms in the mouse (VEGF 120 , VEGF 164 , and VEGF 188 ). Intracellular signaling events stimulated by VEGF are similar to other growth factors and induce responses such as cell proliferation, survival, and migration, but it is unique in its ability to transduce signals that direct the formation of vascular tubes and regulate vascular permeability. So important is VEGF signaling for angiogenesis that the deletion of even a single copy of the VEGF-A gene results in embryonic lethality owing to defective vascular development [20, 21] .
Angiogenic-osteogenic coupling during endochondral bone formation
The endochondral skeleton is formed as a series of interconnected avascular cartilage models called anlagen. Chondrocytes arise from condensing regions of the mesenchyme, exit the cell cycle, differentiate, and become hypertrophic and hypoxic [22, 23] . As early as embryonic day (E)13.5-14.5 in the mouse tibia, vascular elements are recruited to the perichondrium. This is followed by vessel invasion into the hypertrophic cartilage at E14.5 to establish the primary ossification center. With continued development, vessels sprout within the metaphyseal region and continue to invade the hypertrophic cartilage [24, 25] . These events supply the osteoclastic precursors necessary to remove the cartilage anlage as well as the morphogenic signals required for osteoblast differentiation.
HIF-1α stimulates VEGF production in this microenvironment to initiate blood vessel invasion into cartilage. At E13.5, VEGF is expressed in the perichondrium, presumably to stimulate perichondrial angiogenesis [24] . This is followed by increased VEGF expression in the hypertrophic cartilage [26] [27] [28] . Genetic manipulation of VEGF expression has a profound impact on vascular invasion as well as subsequent endochondral bone development. Mice expressing only the soluble form of VEGF, VEGF 120 , but lacking VEGF 188 and VEGF 164 exhibit delayed blood vessel penetration into the perichondrium and decreased expression of osteoblastic differentiation markers [24, 29] . Vascular formation continues to be disturbed in neonatal VEGF 120/120 mice and is accompanied by a reduction in bone growth with a 35% decrease in trabecular bone volume and a 34% increase in the size to the hypertrophic zone of the growth plate [29] . Similarly, administration of mFlt (1-3)-IgG, which completely blocked neoangiogenesis in the growth plates of 24-day-old mice, resulted in the expansion of the hypertrophic zone and decreased bone mass [30] .
Hypoxia is a major driving force for angiogenesis during endochondral bone formation. The mesenchymal condensations of the presumptive endochondral bones as well as the fetal growth plate are hypoxic and express HIF-1α [31] [32] [33] . Tissue-specific deletion of this transcription factor via the expression of the Col2-Cre transgene induces a massive increase in epiphyseal chondrocyte death, indicating that HIF-1α is required for survival in this hypoxic tissue. Interestingly, HIF-1α deletion results only in a modest decrease in the expression of VEGF by hypertrophic chondrocytes [33] , which suggests that VEGF production by hypertrophic chondrocytes may also be regulated by HIF-1α-independent mechanisms [34] . As an example of one such mechanism, VEGF is not upregulated in the hypertrophic chondrocytes of Runx2-deficient mice and as a result vascular invasion does not occur in these animals [28] .
In addition to chondrocytes, osteoblasts also express components of the HIF pathway and promote skeletal vascularization during long-bone formation. Disrupting the expression of the E3 ligase VHL specifically in osteoblasts (ΔVHL) results in the overexpression of HIFs [34] . ΔVHL mice exhibit dramatic increases in VEGF expression associated with a striking and progressive increase in bone volume resulting from increased numbers and activity of osteoblasts. On the other hand, deletion of HIF-1α in osteoblasts decreases the diameter of bones in ΔHIF-1α mice and causes significant reductions in osteoid volume along with reduced numbers of osteoblasts. Interestingly, the amount of bone in the axial skeleton of these mutant mice is directly proportional to the amount of skeletal vascularity, which suggests that HIF-1α regulates bone formation via a cell nonautonomous mechanism. In support of this idea, manipulating the expression of HIFs in vitro by deleting VHL expression does not affect osteoblast function. Further, VEGF mRNA levels are upregulated by VHL deletion and endothelial sprouting from E17.5 metatarsals is entirely abolished by incubation with a VEGFneutralizing antibody. It is likely that HIF-2α also functions in skeletal tissue, as the reduction in bone and blood vessel volume in ΔHIF-1α mice was less pronounced than would be expected from the elimination of all HIF signaling. The fact that mice lacking both VHL and HIF-1α have a phenotype intermediate to that of either single mutant further supports a role for HIF-2α, at least when HIF-1α is deleted.
Hypoxia is not the only stimulus that induces the expression of VEGF by osteoblasts. Prostaglandins E 1 and E 2 [35] , transforming growth factor β [36] , bone morphogenetic proteins [37] , insulin-like growth factor 1 [38] , endothelin 1 [39] , and vitamin D 3 [40] all increase the expression of VEGF in bone cells. Many of these same factors also increase the expression of HIFs [38, 41] . Likewise, other transcription factors that regulate VEGF expression may interact with HIFs. For example, β-catenin has been shown to regulate VEGF expression, has been implicated in skeletal vascularization [42] , and may interact with HIF-1α at the VEGF promoter [43] . Taken together, these data emphasize the critical role of HIF-1α in regulating angiogenesis and suggest that this transcription factor acts as a proximate control point for many pathways that influence angiogenesis in the skeleton.
Angiogenic-osteogenic coupling during skeletal repair
Fracture healing recapitulates many of the stages of endochondral bone formation including the requirement for angiogenesis for bone regeneration. Following fracture, inflammatory signals stimulate the recruitment of mesenchymal progenitors that subsequently differentiate to chondrocytes and produce a cartilage matrix. Hypertrophic chondrocytes release signals that stimulate neoangiogenesis of the cartilaginous callus and then undergo apoptosis. The recruitment of osteoclasts initiates callus remodeling and its replacement with woven bone that is ultimately consolidated to fully support the mechanical demands of the skeleton [44, 45] . Just as the inhibition of angiogenesis during development impedes the replacement of chondrocytes with osteoblasts, delays in angiogenesis during fracture healing results in a tissue composed of chondrocytic cells rather than osteoblasts [46] .
The abrupt interruption of oxygen and nutrient supply with consequential upregulation of HIF-1α has been proposed as a primary stimulus for new bone formation [47, 48] . VEGF is expressed at fracture sites [49, 50] and manipulation of VEGF activity alters fracture repair. VEGF expression is first evident during the cartilage formation phase, to stimulate vascular in-growth from the periosteum, but levels do not peak until the cartilage resorption-bone formation stages [45] . Application of exogenous VEGF enhances bone formation in mice and rabbits with segmental radius defects, while administration of a soluble chimeric VEGF receptor Flt-IgG dramatically reduces angiogenesis, bone formation, and callus mineralization [51] . Interestingly, the upregulation of both HIF-1α and VEGF have been shown to be influenced by age and diabetic status in wound-healing models [52, 53] . These observations may help to explain the impairment in fracture healing evident in diabetic humans [54, 55] .
To suggest that VEGF is the only HIF-1α target involved in fracture healing would be an oversimplification. Rather, HIF-1α likely regulates a large number of genes involved in angiogenesis and the recruitment of progenitor cells. As an example, placental growth factor, a VEGF homolog that activates VEGFR-1, is regulated by HIF-1α [53] and is expressed at the fracture site. Mice lacking this growth factor do not exhibit a detectable bone phenotype, but fracture healing is impaired and accompanied by cartilage accumulation in the callus and poor vascularization [56] . Similarly, stromal-cell-derived factor 1 is regulated by HIF-1α [57] , and manipulating the activity of this cytokines alters the recruitment of progenitor cells to sites of skeletal repair [58] .
Distraction osteogenesis (DO) is a common surgical technique used to lengthen limbs and has been utilized as a model of bone regeneration to further examine the cellular mechanisms that couple angiogenesis and fracture healing. In this surgical procedure, intramembranous bone formation is locally induced by the application of an external fixation device that applies gradual mechanical distraction across the osteotomy [59] . During distraction, a close temporal and spatial relationship exists between formation of regenerated bone and vascular proliferation from the periosteum and medullary canal [47] . A migrating zone of proliferating fibroblast-like cells appears and aligns parallel to the vector of elongation and deposit collagen bundles. Capillaries then form between these bundles and osteoblasts emerge and arrange themselves along the collagen fibers. With continued elongation, woven bone is laid down and subsequently remodeled to lamellar bone.
At the center of the distraction gap, cells that exhibit morphological features consistent with osteoblasts are hypoxic and express both HIF-1α and VEGF [60] . Genetic and pharmacological manipulation of the HIF/VEGF pathway clearly demonstrates its role in bone healing following DO. Constitutive overexpression of HIFs, via the disruption of VHL in osteoblasts, markedly improved bone healing. The distraction gap rapidly fills with blood vessels and this is followed by increases in bone volume and callus strength. Inactivation of HIF-1α impairs both angiogenesis and bone regeneration as the distraction gap in these animals develop fewer blood vessels and accumulate less bone. Interestingly, administration of antibodies specific for VEGFR-1 and VEGFR-2 greatly diminishes the effect of HIF overexpression on bone regeneration. These data imply that VEGF signaling is necessary for bone healing and are supported by more recent studies using VEGF receptor blocking antibodies in wild-type mice [61] .
The essential roles of HIF and VEGF during fracture repair suggest that this pathway could be targeted in therapeutic interventions to accelerate bone healing. Indeed, adenoviral-VEGF gene transfer and implantation of scaffolds containing VEGF encoding plasmids increase VEGF expression by local cell populations and enhance fracture repair by accelerating endochondral bone formation [62] [63] [64] . Implantation of modified cells that overexpress VEGF has also produced encouraging results [65] .
The fact that HIF degradation is regulated by prolyl hydroxylation suggests that small molecule inhibitors of PHD can be designed to selectively activate the HIF/VEGF pathway to facilitate bone regeneration. Several molecules that sequester cofactors necessary for PHD activity have already been made available. For example, desferrioxamine (DFO) chelates iron, a cofactor necessary for PHD activity, and enhances HIF-1α expression, VEGF expression, and endothelial sprouting from E17.5 metatarsals in vitro [60] . Administration of this agent to the distraction gap strongly increased vascularity and significantly increased bone volume. Surprisingly, bone regeneration after DFO treatment was actually greater than in the genetic models, probably as a result of DFO's ability to activate signaling in osteoblasts as well as other cells in the distraction gap.
Cell-autonomous effects of HIFs and VEGF
In some experimental settings, HIF-1α and VEGF can directly regulate bone cell function without stimulating angiogenesis. The fetal growth plate has evolved an "outin" gradient of oxygenation [33] . As indicated above, chondrocyte-specific disruption of HIF-1α induces massive apoptosis at the center of the growth plate (where oxygen tension is lowest), but viable chondrocytes at the periphery actually proliferate at a higher rate. These data suggest that HIF-1α is essential not only for survival in this hypoxic tissue but can also directly regulate chondrocyte proliferation. Since conditional knockout of VEGF results in a similar but considerably milder cell death phenotype at the center of the growth plate, it is likely that VEGF is at least a component of this chondrocyte survival pathway [66] . HIF-1α may also directly regulate chondrocyte differentiation and matrix accumulation since increased matrix accumulation is evident in the growth plates of mice lacking VHL in chondrocytes [67] . Indeed, hypoxia increases type II collagen accumulation via a HIF-1α-dependent mechanism in vitro [68] , likely via the regulation of Sox-9 expression [69, 70] .
The possibility that HIFs participate in osteoblast differentiation and function is still unclear. Overexpression of HIFs via the disruption of VHL did not directly affect osteoblast function in vitro [34] . On the other hand, a recent study suggests that HIF-2α may regulate the expression of the master osteoblastic regulator Runx2 [71] . Equally controversial is whether VEGF exerts direct effects on osteoblast function. Clearly, VEGF and its receptors (VEGFR-1/Flt-1 and VEGFR-2/Flk-1) are expressed by osteoblasts suggesting a possible autocrine and/or paracrine role for the growth factor [72] . Mice globally deficient for VEGFR-1 exhibit decreased bone volume, mineralizing surface, and mineral apposition rate, and this is accompanied by decreased mineralization of bone marrow stromal cells [73] . While these data are complicated by the fact that stromal cell populations may contain a considerable fraction of endothelial cells that may indirectly influence osteogenesis, a few studies do suggest that VEGF promotes osteoblast proliferation and differentiation and acts as a potent chemoattractant [72, [74] [75] [76] . Other studies have produced opposite effects. For example, Villars et al. [77] reported that VEGF does not affect the differentiation of human bone marrow stromal cells and that VEGFR-1 and VEGFR-2 are not detectable at the mRNA level in these cells [78] . Further, using a stem-cell-based gene therapy model, Peng et al. [79] demonstrated that VEGF treatment only improves bone regeneration when acting synergistically with BMP-4 to increase stromal cell recruitment and to enhance cell survival. Culture conditions may at least partially account for these discrepancies as hypoxia induces VEGFR-1 expression in bone marrow stromal cell populations via a HIF-1α-dependent mechanism [80] . Selective disruption of VEGF expression in cells of the osteoblast lineage should help to clarify these issues.
Finally, VEGF might also regulate the differentiation, migration, and activity of osteoclasts [81] . Cells of the monocytes/macrophage lineage, from which osteoclasts are derived, express VEGFR-1 and activation of this receptor stimulates migration [82] . The differentiation program of this cell lineage is initiated by the cytokine macrophage colony-stimulating factor (M-CSF) and the interaction of receptor activator of nuclear factor kappa B present in the cell surface of osteoclast precursors with its ligand RANKL expressed by cells of the osteoblast lineage. Mutations or loss of function in either gene results in osteopetrosis characterized by strikingly high bone mass and a lack of osteoclasts [83, 84] . Niida et al. [85, 86] demonstrated that, in the presence of RANKL, VEGF acting through VEGFR-1 can substitute for M-CSF. Juvenile op/op mice, which lack M-CSF, are osteopetrotic, but injection of VEGF stimulates osteoclastogenesis and bone resorption. Further, the administration of a VEGF-neutralizing antibody abolished the age-dependent resolution of the osteopetrotic phenotype.
Conclusion
Although most bone biologist readily accept the concept that angiogenesis is required for skeletal development, the mechanisms responsible for coupling these events have remained obscure. A growing body of evidence demonstrates that the HIF pathway is a central regulator that coordinates the initiation of angiogenesis and couples these events to bone formation. This requires precise temporal and spatial interactions of vascular and skeletal elements to ensure that bone is deposited at the right place and time. Based upon the experimental observations summarized in this review, we propose a model (Fig. 1) in which resident bone cell perceive reduced oxygen and nutrient availability and upregulate HIF-1α. HIF-1α target genes including VEGF are activated and function via one of two mechanisms. HIF-1α target genes may act directly on bone cells or they may stimulate new blood vessel formation and
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MSCs HIF-1 + OBs VEGF Fig. 1 Model for angiogenic-osteogenic coupling in bone. The expression of HIF-1α by resident osteoblasts (OBs) during bone formation and repair leads to the upregulation of VEGF and other angiogenic signals. VEGF may stimulate bone formation via a cell nonautonomous mechanism (solid lines) that involves vascular invasion. Blood vessels direct osteoprogenitors (MSCs) to sites of bone formation or supply bone morphogenic signals that enhance osteoblast activity. Alternatively, VEGF may act as an autocrine/ paracrine factor that acts directly on bone cells to increase their recruitment to sites of bone formation, differentiation, and activity (dotted lines) invasion into bone. Increasing numbers of blood vessels provide osteogenic cues and possibly deliver osteoblast progenitors that then mature and lay down new bone. The challenge for future work will be to identify the reciprocal signals emanating from vascular cells that promote osteogenesis. The observation that isolated endothelial cells augment osteoblast differentiation in vitro suggests that the mechanism involves more than the fulfillment of the osteoblast's metabolic demands. Further elucidation of these mechanisms may lead to a better understanding of the precise communication between angiogenesis and osteogenesis and aid in the design of new therapies to combat bone loss and accelerate bone healing.
